Abstract. The flip-flop, which has been widely used in digital circuits, has two stable states and can be used to store state information. Because traditional flip-flops based on digital circuits suffer from a barrier to higher performance, it is necessary to explore some new alternative devices. For this purpose, we utilize molecular dynamics simulations to design a molecular flip-flop, which contains one water molecule confined within a single-walled carbon nanotube. Its two states can be switched within 0.5 ps (2000 GHz), and its state information can be exported by the charged atomic-force microscope force probes. The mechanism of the flip-flop depends on the behavior of a water molecule in a nonuniform electric field. In particular, a water molecule always moves toward the location of lowest electric energy in a nonuniform electric field generated by point charges. The resulting flip-flop could be utilized for designing nanoscale devices.
Introduction
In digital electronics, a flip-flop [1] is a basic circuit that can store state information using states 0 and 1. The states can be changed from 0 to 1 (or from 1 to 0) by one or more input signals, and the new state information can be immediately exported. The flip-flop unit plays an important role in traditional electronic computers, which are based on silicon materials. However, traditional electronic computers will soon face severe challenges in achieving higher levels of computing performance. To overcome these limitations, researchers are attempting to design new computational schemes in which microfluidic computations [2] [3] [4] have shown promise. Microfluidic computations are based on a microfluidic lab-on-a-chip [5] [6] [7] in which picoliter-level fluids can be precisely controlled and manipulated in the microchannel. The lab-on-a-chip has been experimentally used to design elementary computational units, such as microfluidic memory storage devices [2] and microfluidic logic gates [3, 4] . Flip-flop devices are also particularly important for microfluidic computations.
In 2009, we theoretically proposed a flip-flop device [8] based on a microfluidic system. In the device, a lossless dielectric microparticle and lossless dielectric liquid are contained in a microchannel, and three point microelectrodes are fixed in a triangular pattern outside the microchannel. The microparticle suspended in the dielectric a e-mail: yuwang zafu@126.com b e-mail: jphuang@fudan.edu.cn liquid can be polarized by an electric field. The interaction between the polarized microparticle and the nonuniform electric field generated by the microelectrodes yields a nonzero net electrostatic force acting on the microparticle. As the two microelectrodes located on the same side of the microchannel are separated, two possible stable positions are identified for the microparticle that can be defined as state 0 and state 1. When the single microelectrode on the opposite side of the microchannel emits an electric pulse with a suitable duration, the microparticle can be driven from state 0 to 1 (or from 1 to 0). Thus, the device has a flip-flop function. Nonetheless, there are two fundamental problems related to the design. First, the state switch time of the flip-flop is on the order of a microsecond, which is much slower than that of an electronic flipflop (Problem I). Second, the export of the binary state information of the flip-flop remains unresolved (Problem II).
To overcome Problems I and II, we introduce a nanofluid-based flip-flop scheme based on the previous design [8] . The details of this scheme are shown in Figure 1 . To resolve Problem I, the microchannel and the microparticle are replaced by a single-walled carbon nanotube (SWCNT) and a water molecule, respectively. There are four reasons why we selected the water molecule and SWCNT. First, water is abundant on earth. Second, a water molecule is neutral as a whole but has a strong dipole moment [9] ; thus, the interaction between the nonuniform electric field and the water molecule can yield a nonzero net electrostatic force on the water molecule. Third, a water molecule acted on by a nonzero force will
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The European Physical Journal Applied Physics rapidly respond because the water molecule has a very small mass. Finally, as a result of the low adhesion of the SWCNT surface, a water molecule located in a SWCNT with a sufficient diameter can move smoothly along one dimension [10] . To resolve Problem II, we utilize two charged atomic-force microscope (AFM) probes [11] [12] [13] to detect the state information of the water molecule.
Model details and molecular dynamics simulations
In this work, we utilize molecular dynamics simulations, which have been widely used to investigate systems of carbon nanotubes and water molecules [10, [14] [15] [16] [17] [18] [19] [20] [21] [22] . Our simulation framework is shown in Figure 1 . The flip-flop consists of three components: input, conversion and output components. The input component contains charges q 1 and q 2 , which can both emit a periodic electric pulse.
In the simulations, q 1 is located at the coordinate origin, while q 2 is fixed at coordinate (−2.844 nm, 0.000 nm, 0.000 nm). The conversion component contains a water molecule in a zigzag (10, atoms at each end of the SWCNT are constrained [19] . In fact, carbon nanotubes can connect with other molecules through covalent bonds [16, 23, 24] ; hence, it is possible to fix the SWCNT position in experiments. A water molecule restrained in a fixed SWCNT can only move along the SWCNT axial direction (or the z-direction as shown in Fig. 1 ) [19] . The charges q 1 and q 2 are placed 0.150 nm and 1.922 nm from the surface of the SWCNT, respectively. The output component consists of two copper-based AFM force probes. To reduce the computational work, in this work, each AFM probe is replaced by an equivalent ideal spring, and only the copper atom at the apex of each force probe is retained. This force probe simplification has been widely used to investigate the mechanical properties of nanoscale systems [25] [26] [27] [28] . Moreover, in this work, the fixed end of the spring A and B is set at coordinates (−2.022 nm, 0.000 nm, 0.600 nm) and (−2.022 nm, 0.000 nm, −0.600 nm), respectively. The force in the spring is given by Hooke's law, F = k(l − l 0 ), with stiffness k = 3320 pN/nm. Here, l denotes the distance between the free end (or the copper atom) and fixed end of the spring, and l 0 = 0.600 nm is a constant representing the length of the spring at equilibrium. For convenience, the charge distributions of the input and output components are also simplified in the simulations. Each copper atom has a charge with a constant value of +3e (q A = q B = +3e, where e is the elementary charge, e = 1.6 × 10 −19 C). Furthermore, both q 1 and q 2 have a pulse charge with a peak value of +8e (see Fig. 2a ). The charges q 1 , q 2 , q A and q B are regarded as ideal point charges, namely, their volumes are small enough to be neglected. The electric charge quantity of q A or q B is concentrated on each copper atom. The point charges are used 30403-p2 to generate a nonuniform electric field acting on the water molecule, which can be equivalently realized by adjusting real charge distributions on nanoelectrodes and charged AFM probes according to the superposition principle of electrical fields. The charges q 1 and q 2 are given different tasks in our design. In particular, because the carbon nanotube is closer to q 1 than q 2 , the water molecule is primarily influenced by q 1 . However, if only q 1 exists in the system, it will probably interfere with the force signal output of the charged copper atoms. To counteract this interference, q 2 is placed at a suitable position, where q 2 and q 1 are symmetric with respect to the two copper atoms of springs A and B at equilibrium. The emission of q 2 is precisely synchronized with that of q 1 . In these systems, the screening effect of the SWCNT must be considered [15, 17, 18, 20] . In fact, the charges we adopted could be regarded as effective charges, and realistic charge quantities should be made increased by a factor related to the screening effect [15, 17, 18, 20] . All the simulations are performed in a canonical ensemble [29] at a constant temperature of 300 K using the molecular dynamics package, Gromacs 4.0.5 [30] . Non-periodic boundary conditions are applied in the simulations. The van der Waals potential and electrostatic potential are calculated with a long cutoff of 10.0 nm, which exceeds the maximum distance between two atoms in the current system. All SWCNT force field parameters are taken from Hummer et al. [10] , while the van der Waals parameters of copper are taken from Agrawal et al. [31] , and the Tip3p water model [32] is adopted where the charge quantity on the oxygen atom is −0.834 e and that on a hydrogen atom is +0.417 e. The simulation for each parameter set runs for 50 ns. A time step of 2.0 fs is used, and data are collected every 40.0 fs. ( Fig. 2a) . The water molecule in the SWCNT has two stable positions at z = 0.614 ± 0.020 nm and −0.613 ± 0.019 nm (Fig. 2b) , which may be defined as state 0 and state 1, respectively. Interestingly, when q 1 and q 2 simultaneously emit a charge pulse, the water molecule can immediately shift from 0 to 1 (or from 1 to 0) on the picosecond timescale. Owing to the electrostatic attraction between the water molecule and the charges (q A and q B ), the water molecule is under state 0 or state 1. Meanwhile, spring A (or B) reaches a maximum force of +705 ± 12 pN (Figs. 2c or 2d, respectively) . That is, the state of the water molecule can be determined by the force signal output of springs A and B. Thus, we have realized the basic functionality of the flip-flop.
Results and discussion
To proceed, the work efficiency of the flip-flop, which can be evaluated by the success rate of the state switch, should be identified. Here, we test the success rate of the shift by adjusting the pulse width t 1 ; see Figure 3 . The success rate P reaches a peak of 100% at t 1 = 0.5 ps. When t 1 < 0.5 ps or t 1 > 0.5 ps, P < 100%, illustrating low state shift success rates.
To understand the above phenomena, we calculate the mean electrostatic interaction energy between the water molecule and charges; see Figure 4 . As q 1 and q 2 are closed (q 1 = q 2 = 0), symmetrical potential traps appear at opposite sides of the curve, and the system shows bistability. The water molecule will overcome a potential barrier at z = 0 if it is able to shift from one state to the other. Thus, the water molecule can steadily return to z ≈ 0.61 nm (state 0) or z ≈ −0.61 nm (state 1) with the same probability. When q 1 and q 2 are opened (q 1 = q 2 = +8e), a deep potential trap exists at the middle of the curve. The system shows monostability, and the water molecule moves toward z = 0. Thus, the state shift of the water molecule from 0 to 1 (or from 1 to 0) is caused by the alternation of bistability and monostability. Figure 3 reveals that satisfactory shifts between the two states depend on an appropriate pulse time width ( t 1 = 0.5 ps) for q 1 and q 2 . This behavior can also be explained by Figure 4 . When t 1 < 0.5 ps, the water molecule cannot obtain enough kinetic energy from q 1 and q 2 ; on the
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Conclusion and outlook
We have designed a molecular flip-flop consisting of a water molecule, a small-diameter SWCNT, two pulse charges, and two charged AFM force probes. Our design can overcome the above-mentioned shortcomings (Problems I and II) of the microfluidic flip-flop designed by us [8] . In particular, the state switch time in our molecular flip-flop reaches the picosecond level, which is about six orders of magnitude faster than that of the microfluidic flip-flop [8] . Moreover, the flip-flop state information can be exported using the charged force probes of AFM.
Experimentally, the size of the flip-flop input/output unit should be estimated. The miniaturization of both AFM probes and nanoelectrodes have been studied for three decades. Nanoelectrodes and AFM probes have been fabricated with radii less than 1 nm [33] [34] [35] [36] [37] [38] . For example, carbon nanotubes [33] [34] [35] [36] can be used as charged AFM probes owing to their remarkable mechanical and electrical properties. The radius of SWCNTs can be as small as 0.2 nm [34] . If such a probe is connected to a conducting electrode at only one end, charges will be accumulated on the probe surface under the applied potential difference [39] . In this work, we can also choose two 0.2-nm-radius SWCNT probes, which are placed parallel to each other. Provided that the axis-to-axis distance between them is 1.2 nm, the two probes can work independently. In addition, the distance between the probes in experiments may be greater than that utilized in our simulation, and the charge quantities of q 1 , q 2 , q A , and q B should be amplified accordingly. In the area of nanoelectrodes, Penner et al. fabricated a 0.5-nm-radius metallic nanoelectrode in 1990 [37] . Moreover, SWCNTs can also be used as nanoelectrodes [40, 41] . Considering that the sizes of the apices of current AFM probes and nanoelectrodes are similar to that of our model framework, experimental demonstrations are promising.
In this work, we design a molecular-level flip-flop using a water molecule and SWCNTs. Our results provide insight into related processes and investigations of other polar-molecule-based flip-flops. Such flip-flops originate from the interaction between polar molecules and nonuniform electric fields. Here, we considered the potential applications for these flip-flops, such as molecular computing. Molecular computing utilizes individual atoms or molecules to solve computational problem. For example, in 1994, Adleman first demonstrated that DNA molecules could be used to solve certain computational problems [42] ; in 2004, Benenson et al. realized autonomous molecular computing using DNA and RNA molecules [43] ; and Park et al. performed molecular logic-gate operations using biomolecules and metal ions in 2010 [44] . Molecular computing requires basic elements, such as logic gates, memories, and flip-flops. Therefore, our work could be applied to molecular computing.
